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Nanowires are quasi-one-dimensional crystals that can exhibit radial quantum confinement, resulting in nanoscale properties different from those of the bulk. Individual semiconductor nanowires have been employed in nanoscale optoelectronic devices, such as electrically driven lasers, 1 lightemitting diodes, 2 and photodetectors, 3 among other applications. 4 A fundamental understanding of electronphonon interaction within nanowires is required to tailor their optical and electrical properties 5 and could further the development of nanowire electronic devices. For example, photoluminescence peak broadening is largely attributed to the coupling of electronic charge to phonons, 6 which can inhibit the ability to spectrally distinguish individual photons; further, phonon coupling to the electron of a bound exciton could drastically affect optoelectronic properties in nanowire devices, especially in regimes of strong quantum confinement. 7, 8 Fröhlich-induced electron-phonon coupling in assemblies of nanowires has been previously investigated under nonresonance conditions. 9, 10 However, a disparity in growth directions, size, and structure of nanowires within an assembly can result in averaged spectral data hindering information on a single-nanowire level. Resonant Raman spectroscopy is sensitive to structural variations of individual nano-objects within a population, 11 but no resonant Raman studies on individual nanowires have been reported to date. Here, we study individual nanowires by resonant micro-Raman spectroscopy near the energy bandgap E g to understand electronphonon coupling and exciton scattering in quasi-onedimensional systems. Notably, previous attempts have been hampered by excessive photoluminescence ͑PL͒.
12 A model is presented for two-phonon excitonic scattering, which fits well with the observed 2LO resonance intensities from a single GaAs nanowire and allows us to assess the Fröhlich coupling strength and the exciton damping constant.
GaAs nanowires were grown using metalorganic chemical vapor deposition catalyzed by 90 nm Au nanoparticles, as reported previously. 13 Nanowire structural properties were investigated using a JEOL 6320FV high-resolution scanning electron microscope ͑SEM͒ and by JEOL 2010F fieldemission transmission electron microscope ͑TEM͒. For Raman experiments, nanowires were removed from the growth substrates by sonication in ethanol and then dispersed onto CaF 2 substrates. Special care was taken to dilute the nanowire solution to achieve single-nanowire measurements. Near-resonance micro-Raman spectroscopy was conducted at room temperature by a fiber-coupled Kaiser HoloLab Series 5000 Raman Microscope with pump laser light of 785 nm and the incident power of 4.0 mW at the sample. The Fröhlich coupling strength of individual GaAs nanowires was investigated at room temperature by resonant microRaman spectroscopy through a 100ϫ objective in backscattered configuration with a fully tunable IR laser system over 790-900 nm. Nanowires were excited at the same point for each measurement with a constant incident laser power of 3.6 mW at the sample. To account for the sensitvity of the experimental setup, we normalized the measured Raman spectra to the cross section of a CaF 2 reference crystal with a known Raman cross section. Spectra were calibrated for both Raman shift and intensity prior to peaks fitting assuming Lorentzian-shaped curves and peak intensities were determined by peak area integration.
Prior to characterization by Raman spectroscopy, GaAs nanowires were investigated by electron microscopy to confirm the overall morphology and structural quality of individual nanowires. Figure 1͑a͒ shows an SEM image of GaAs nanowires, as grown on the GaAs ͑111͒B substrate. The uniformity in nanowire lengths, diameters, and shapes, as well as the epitaxial growth of the nanowires from the substrate, indicate strict control over the nanowire growth. A brightfield TEM image of an individual GaAs nanowire ͓Fig. 1͑b͔͒ and corresponding lattice-resolved TEM image ͓Fig. 1͑c͔͒ show that the nanowire is free of dislocations with a length of 7 m and diameters ranging from 80 to 120 nm, and verifies crystallinity along the length of the nanowire. An accompanying selected-area diffraction pattern in the inset of Fig. 1͑c͒ reveals that nanowires have single-crystal zinc blende structure and grow along the ͗111͘ direction. These results are consistent among all nanowires investigated in this work. All Raman experiments were performed with the laser spot focused in the same spot near the middle of the nanowire, which we approximate to be 100Ϯ 5 nm in diameter.
A typical micro-Raman spectrum collected from a single GaAs nanowire ͑excited by 785 nm laser light͒ shows TO and LO modes at approximately 270 and 293 cm −1 , respectively; as well as strong multiphonon modes up to the fourth order ͑Fig. 2, inset͒, spaced by one LO phonon frequency. Combinations of the LO and multi-LO modes with the TO mode, 1LO+ TO and 2LO+ TO, can also be resolved. Interestingly, relative intensities of 1LO and 2LO peaks vary significantly with the incident excitation energy ͑Fig. 2͒, indicating the resonance of an electronic transition.
The observation of multiphonon modes is consistent with the Fröhlich coupling between an electron and a macroscopic electric field formed by microscopic deformations of a polar lattice. 14, 15 Strong electric fields can be induced only by the LO modes; 15 since only the LO mode exhibits the cascading phenomenon shown in Fig. 2 , this suggests that Fröhlich coupling is the relevant cascade-aiding mechanism in GaAs nanowires. The Fröhlich coupling strength has traditionally been calculated by the Huang-Rhys parameter S. 16 In a simplified model, S is linearly proportional to the ratio of the fundamental to overtone LO Raman intensities ͑in our case, 2LO/1LO͒; thus, the Fröhlich coupling strength may be inferred from the relative peak intensities of the cascade Raman spectrum. 5, 16, 17 The resonance profile of an individual GaAs nanowire in Fig. 3 shows a sharp outgoing resonance at 5 meV below E g +2ប LO with 2LO/1LO ratios as high as 5.7, a small shoulder at 2 meV below E g + ប LO , and no incoming resonance feature at E g . Here, the blueshift of the bulk E g value 18 due to quantum confinement in nanowires with 100 nm diameters was estimated to be 0.5 meV, while the GaAs LO phonon energy ប LO = 0.03614 eV was calculated as the average of all measured LO mode frequencies. The resonance profile of the 1LO mode of the same individual GaAs nanowire is shown in the inset of Fig. 3 , with a broad maximum around E g + 1 2 ប LO , consistent with intrinsic Raman scattering.
14 However, the distribution of the measured data points suggests that further experimentation is necessary to confirm intrinsic scattering instead of impurity scattering, which is characterized by an asymmetric maximum around E g + ប LO .
Comparing Fröhlich coupling strength in GaAs nanowires with bulk values can be challenging because it is a theoretical value that depends only upon the LO phonon frequency and the dielectric constant.
14 The closely related S parameter can be employed only with a detailed analysis of the resonance conditions, vibrational modes, and excitonic states in the ensemble. 19 In addition, excessive PL at the direct bandgap transition has hampered all previous attempts in bulk GaAs, 12 which makes comparison of the Fröhlich coupling strength in the GaAs nanowire system to that in the bulk at E g +2ប LO impossible. Relatively low PL signal in nanowires in comparison to the bulk may be due to PL quenching by the multitude of charged states on the nanowire surface, such as V As , allowing for enhanced resolution of the Raman modes. The closest comparison that can be made is with the work of Trommer and Cardona, who reported a maximum 2LO/1LO ratio of 0.25 at E g + ⌬ 0 +2ប LO for ͑110͒ bulk GaAs, where ⌬ 0 is the split-off orbital energy: 20 FIG. 2. Truncated micro-Raman spectra of an individual GaAs nanowire at 1LO resonance ͑1.42 eV, bulk GaAs E g ͒ and 2LO/1LO resonance ͑1.49 eV, E g +2ប LO ͒. Inset shows a full multiphonon spectrum away from resonance. First order, higher order, and combination Raman modes, as well as a broad PL peak, are indicated. Fröhlich coupling in GaAs nanowires is significantly stronger than that for bulk GaAs at a nearby transition.
LO cascade action with periodicity of ប LO implies excitonic transitions because the relaxation of an unbound exciton to a bound state is mediated by phonons. 21, 22 While the single-phonon cascade model 22 can explain existence of multiphonon modes, it does not account for our observation of 2LO/ 1LOϾ 1 at resonance. 8 On the other hand, a twophonon excitonic scattering model by García-Cristóbal 21 correlates well with our results. We present here a simplified version of this model to verify two-phonon excitonic transitions in a single GaAs nanowire under resonant conditions. When a photon impinges on a crystal, a virtual exciton in the internal state ␣ is formed; the exciton is then relaxed through a two-step process via intermediate states ␤ and ␥, forming an LO phonon of frequency LO at each step ͑Fig. 4, inset͒. Excitonic intermediate states can be either continuous unbound excitonic state ͑c͒, or discrete bound excitonic state ͑d͒, so a two-step excitonic transition can be represented by eight permutations of three consecutive intermediate states of these two types. Each of the intermediate states can be characterized by the exciton center-of-mass wave vector ͑K͒ and the internal exciton wave vector ͑k͒, but for the initial and the final states K = 0 because the incoming and outgoing photons have negligible wave vectors and momentum is conserved throughout the process. The quantum-mechanical scattering amplitude W ␣␤␥ for each scattering process can be described as follows:
where ប l is the energy of the incident laser light, E ␣,␤,␥ and ⌫ ␣,␤,␥ are energy and the width ͑i.e., damping constant͒, respectively, of the corresponding excitonic state. We assume constant matrix elements for electron-photon and electronphonon couplings, as these have negligible effect on the shape of the profile 14 and are inconsequential to the final intensity of the resonance profile, as the calculated model intensity is scaled manually to match that observed experimentally. The energy of the excitonic states can be described as
for a discrete and continuous state, respectively. Here, E g is the energy band gap ͑for GaAs nanowires, E g = 1.423 eV is calculated from the fit͒, R is the Rydberg constant, n =1,2,... is the principle quantum number of the hydrogenlike bound state, and = m e m h / ͑m e + m h ͒ is the reduced mass calculated from the effective electron ͑hole͒ mass in GaAs m e = 0.063m E ͑m h = 0.51m E ͒, with m E the rest mass of an electron. 18 Finally, the 2LO Raman scattering intensity can be calculated by integrating the square of the sum of all of the scattering amplitudes over all K wave vectors,
First, we have calculated separately 2LO Ramanscattering contributions for each of eight scattering pathways ͑Fig. 4, inset͒, assuming that the lowest exciton state ͑n =1͒ is the only level that provides significant contribution to the shape of the Raman intensity profile. From these calculations, we find the most important contributions to the scattering intensity are c → c
have negligible contributions and were excluded from further calculations. Each of these six contributions were manually weighted prior to integration over K. We found the excitonic damping constants ⌫ c ͑⌫ d ͒ for continuous ͑discrete͒ states to be 9 meV ͑5 meV͒, regardless of the exciton wave vectors K and k.
The model fits well with the 2LO data of the GaAs nanowire ͑Fig. 4͒, confirming two-phonon excitonic transitions are responsible for the scattering processes in a GaAs nanowire, similar to the predictions for the bulk. However, the damping parameter ⌫ d = 5 meV is smaller than the damping of 7 meV reported for the bulk at E g + ⌬ 0 . 21 A smaller damping factor in nanowires at the E g transition, as compared to the bulk at E g + ⌬ 0 , implies stronger exciton-phonon coupling and confinement of the exciton wave function. 5 Further en- hancement of exciton-phonon coupling in comparison to the bulk is likely due to strong coupling to charged surface states, 23 as the surface-to-volume ratio is larger in onedimensional nanowires than in the three-dimensional bulk.
In conclusion, significant Fröhlich coupling, stronger than in any materials systems of any dimensionality published to date, is observed in an individual GaAs nanowire. We verify two-phonon excitonic scattering by modeling, and find that the excitonic damping parameters are smaller than those reported in the bulk at E g + ⌬ 0 . We contribute the Fröhlich coupling enhancement in GaAs nanowires over the bulk to exciton-phonon interactions, smaller damping parameters, and coupling of excitons to charged surface states. GaAs nanowire devices, such as excitonic transistors, 24 whose performance is dependent on prolonged polarization or narrow excitonic transition linewidths will benefit from these smaller damping factors. To further understand the effects of Fröhlich coupling on excitonic scattering, future investigations will focus on the effects of nanowire diameter on coupling strength, especially below the exciton Bohr diameter limit.
